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Abstract
Izawa's gauge-xing procedure based on BRS symmetry is applied twice to the
massive tensor eld theory of Fierz-Pauli type. It is shown the second application can
remove massless singularities which remain after the rst application. Massless limit











In a previous paper
1)
(referred to as I), we investigated how Izawa's gauge-xing pro-
cedure
2)
based on BRS symmetry works for infrared regularization of massive tensor elds.
We studied two models for a linearized massive tensor eld, the pure-tensor (PT) type model
by Fierz-Pauli and the additional-scalar-ghost (ASG) type one. It turned out that Izawa's
procedure is eective for the ASG model, but not for the PT model. In the case of the ASG
model, Izawa's procedure can regularize the original massless singularities of second order.
On the other hand, the original singularities contained in the PT model are of fourth order,
and Izawa's procedure can only reduce them to second order.
What we have learned from the above exercise is that when Izawa's procedure is applied
once, massless singularities are reduced by second order. Now comes the question what
happens when we apply Izawa's procedure once more to the PT model. This is the issue to
be discussed in the present paper. We show that the second application of Izawa's procedure
does regularize the remaining second-order massless singularities in the PT model.
In x2, the results obtained in I concerning the rst application of Izawa's procedure are
summarized. In x3, the second application of Izawa's procedure is performed to the PT
model. It is shown that the second-order massless singularities which remain after the rst
application are in fact regularized. In x4, we discuss massless limit of the resulting theory.
We see a graviton eld is contained in the theory as a nonlocal combination of the basic
elds. Summary and discussion are given in x5. In Appendix we show that applying Izawa's
procedure to a massive vector eld reproduces the Stueckelberg formalism.
x2. First application of Izawa's procedure












































































for the ASG model;





Notations used in this paper are the same as in I.
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for the PT model. We see that the ASG model has second-order massless singularities, while
the PT model fourth-order.








































































where an auxiliary vector eld 

, a Nakanishi-Lautrup (NL) eld b






), and a gauge parameter  have been introduced. This Lagrangian is

































































































































































































































































We see that the massless singularities in (2
.
4) have
been regularized by this procedure.
)

































































































































































































































In Abelian cases which we are dealing with, FP ghosts decouple from all other elds to give trivial
two-point functions. We omit to write down their explicit forms throughout the paper.
)
Exactly speaking, the quantity 2
 2
is well-dened only when accompanied by derivatives. Therefore,
the expression (2
.
14) is meaningful only in a formal sense. If the eld 

has some non-derivative couplings,



























































We see the fourth-order massless singularities found in (2
.
5) for the original PT model





21). Can these singularities be driven away by applying Izawa's
procedure once more? This is the issue to address in the next section.
x3. Second application of Izawa's procedure
The starting point is the Lagrangian (2
.
15). The kinetic term of the vector eld 

shows
this eld is a kind of gauge eld. It is expected from this fact that the second application of
Izawa's procedure works. This is in fact the case as seen below.
We introduce a new set of variables (
0



























The new variables (
0




































where the new FP ghosts (c
0

; c) and (c
0

; c) as well as the new NL elds (b
0

; b) have been
introduced. To relate the old and new sets of variables, we supplement the Lagrangian (2
.
15)
























































































































































































































































































































































































We note the Lagrangian L
0
T;a=1
has a smooth massless limit. This comes from the fact that
the kinetic term of 

























8) for the ASG model has








. When performed the second application of


































































































































































































'i = 0; (3
.
17)
































































































Izawa's procedure does work in this case.
x4. Massless limit
It has been found that the theory constructed in the previous section has a smooth
massless limit. In this section, we investigate whether or not the limit is consistent with the
ordinary massless tensor theory.
















































21) to be well-dened,
either the gauge parameter  should be set 0 or the eld 

should appear in company with derivatives in
interaction Lagrangian. For h''i in (3
.





































separated from the (

; b)-sector. If it were not for the second term in the rst line of the






)-sector coincides with the ordinary massless tensor






























































































































































































)-sector does not reproduce the two-point functions for the ordinary massless









'i were 0 in (4
.
4) , then the whole set of two-point functions agrees with that of the
ordinary massless tensor.
In order to see how the ordinary graviton eld is contained in this model, we now introduce

















































































































4). Thus the two-point functions for the ordinary massless
tensor eld are in fact provided by the eld H

.
x5. Summary and discussion
It has turned out that:
(1) The original ASG model for a massive tensor eld has second-order massless singularities,
which can be regularized by applying Izawa's procedure based on BRS symmetry once;
(2) The original PT model develops fourth-order massless singularities, which can be regu-
larized by applying Izawa's procedure twice.
The Batalin-Fradkin algorithm
3)
is another powerful method for constructing gauge-
invariant theories from non-gauge-invariant ones. The application of this procedure to a












7) for the PT model.
We now have massive tensor theories equipped with BRS invariance as well as smooth
massless limits. However, we are still in the linearized world. To construct complete nonlinear
theories is a major problem to solve.
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Appendix
| On the Stueckelberg Formalism |






















develops massless singularities in the limit m = 0. There are some methods to regularize
such singularities. The most popular one is the Stueckelberg formalism.
5)
In this formalism













































j i = 0: (A
.
3)
On the other hand, as shown in I, Izawa's procedure based on BRS symmetry can also give








































with an auxiliary scalar eld , an NL eld b, a pair of FP ghosts (c; c), and a gauge parameter
. This Appendix is devoted to show these two formulations are equivalent with each other.
To do that we have to establish both the equivalence of path integrals and that of physical
state conditions.

















































































































and f is an arbitrary function of x. The expression (A
.




















The same Lagrangian is also obtained by applying the Batalin-Fradkin algorithm.
6)
10
with another arbitrary function f
0
. Because the Lagrangian L
0
BRS





































































Taking into account the f
0





















































































































The equivalence of the path integrals has thus been conrmed.
Next come the physical state conditions. The expression (A
.





































































a conserved BRS charge Q
B














By the use of this charge, we can impose as usual the physical state condition
Q
B
j i = 0; (A
.
23)
which is shown to be equivalent to the condition
b
(+)








 m + b = 0 (A
.
25)









j i = 0 for 8x: (A
.
26)
This agrees with the condition (A
.
3). The equivalence of the physical state conditions has
thus been conrmed too.
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